Rationale: CC16 (club cell secretory protein-16), a member of the secretoglobin family, is one of the most abundant proteins in normal airway secretions and has been described as a serum biomarker for obstructive lung diseases.
CC16 (club cell secretory protein 16), also known as Clara cell secretory protein and uteroglobin, has been the topic of much study in the last several years as a biologic marker of lung function alterations. CC16 is a homodimeric pneumoprotein encoded by the SCGB1A1 gene and, although produced predominantly by club cells and nonciliated epithelial cells in the distal airways, it is easily detectable in the circulation (1, 2) . Although CC16 is one of the most abundant proteins in BAL fluid and is increased by several proinflammatory cytokines, oxidant-rich air pollutants, such as ozone and cigarette smoke, lead to decreased CC16 levels (for a review, see Reference 3).
Although the biologic functions of CC16 in the lung have not been completely described, mounting evidence suggests that this protein is critical in mediating antiinflammatory and antioxidant functions within the lung and, by virtue of these activities, may protect against development of obstructive lung diseases. Several clinical and epidemiologic studies have shown decreased serum CC16 levels in individuals with asthma (4, 5) , chronic obstructive pulmonary disease (COPD) (6, 7) , and lung function deficits (8) .
In a recent study, we examined several independent epidemiologic cohorts and found that low circulating CC16 levels predicted accelerated lung function decline in adult life (9) . We also found that CC16 deficits at age 6 years were associated with lower levels of FEV 1 by age 16 . However, no study has addressed the relationship of serum CC16 to lung function from childhood into adult life. In addition, despite the previously mentioned epidemiologic evidence, mechanistic insight defining the function of CC16 in the lung environment that would protect against lung function deficits has been elusive.
Therefore, whether low CC16 is a marker for airway pathology or is implicated in the pathophysiology of progressive airway damage in these conditions remains unclear. To gain a better understanding of the role of CC16 in establishment of lung function we used data from the birth cohort of the Tucson Children's Respiratory Study (TCRS) and examined the relationship of circulating CC16 levels with pulmonary function and responses to bronchial methacholine challenge from childhood up to age 32 years. In parallel, we set out to comprehensively examine pulmonary physiology in mice sufficient or deficient in CC16 and determine if any underlying inflammation or remodeling in the naive airway would lead to altered physiology.
Methods

Studies in Humans: the TCRS Birth Cohort
The human data of the present study come from the longitudinal TCRS birth cohort, which recruited 1,246 healthy infants between 1980 and 1984 (10) and followed them up to age 32 years. At ages 11, 16, 22, 26 , and 32 years, standardized questionnaires on respiratory health and spirometric lung function tests were completed as previously described (11) . Lung function was measured before and after administration of albuterol via a valved chamber holding device (180 mg at ages 11, 16, and 22; and 360 mg at ages 26 and 32). Active physician-diagnosed asthma was defined at each survey as a positive report on questionnaire of physician-confirmed asthma plus at least one asthma attack and/or wheezing episode in the previous year. Participants completed confidential questionnaires on active smoking starting at age 11. Consistent with the National Center for Health Statistics (12) , at each survey we defined as never-smokers participants who had never smoked or who had smoked less than 100 cigarettes in their lifetime.
Methacholine challenge tests were performed at ages 11, 16, 22, and 26 with a controlled inhalation protocol using a dosimetric method modified after Chai and coworkers (13) . This protocol doubles the cumulative methacholine dose from 0.004 to 2.048 mg with the endpoint defined as a 20% drop in FEV 1 or completion of the final dose. Participants who did not have a 20% drop in FEV 1 were defined as negative for airway hyperresponsiveness (AHR). For those who had a 20% drop, the provocative concentration of methacholine causing a 20% fall in FEV 1 was calculated using the formula described by Dell and coworkers (14) and tertiles of mild, moderate, and severe AHR using the provocative concentration of methacholine causing a 20% fall in FEV 1 were generated at each survey.
Studies in Humans: Blood Assays
Blood samples were collected from participants by venipuncture at ages 11, 16, 22, 26, and 32. Circulating CC16 levels were measured in serum using a commercially available ELISA kit (BioVendor). At each survey, serum CC16 levels were log-transformed and z-scored to normalize their distribution and CC16 tertiles (low, medium, high) were generated to test for nonlinear relationships.
Total IgE levels were assayed by Phadebas Radioimmunosorbent Test using commercially available kits (Pharmacia Diagnostics) at Year 11; by Pharmacia AutoCAP (Pharmacia/ Upjohn) at Years 16 and 22 until its discontinuation; and subsequently by Immulite 2000 (Siemens Medical Solutions) for the rest of Year 22, and at Years 26 and 32.
Pulmonary Function Studies in Mice
All experiments were done in accordance with University of Arizona on Institutional Animal Care and Use Committee approved animal protocols. Age-matched (8-10 wk) wild-type (WT) (n = 16), and CC16 2/2 (15) (n = 16) male and female mice on a C57BL/6J background were analyzed for pulmonary mechanics on the Flexivent (SCIREQ Inc.) system for both baseline differences (no methacholine challenge). An additional set of age-matched
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ORIGINAL ARTICLE (8-10 wk) male mice (n = 17 WT; n = 19 CC16 2/2 ) were examined for responses to methacholine challenge as previously described (16, 17) . Pancuronium bromide (0.8 mg/ml in saline; Sigma P1918), was administered to anesthetized mice via intraperitoneal injection at a volume of 10 ml/g of body weight to prevent any interference from the animal during the pulmonary function tests. This protocol was repeated a total of four times with increasing concentrations of methacholine (0, 10, 30, 100 mg/ml) as previously described (18) . Experiments were conducted with naive mice and the maximum value for each parameter was used to compare the differences between the two groups (WT and CC16
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) of mice. Rt is total respiratory system resistance. G is tissue damping, which reflects a measure of the amount of energy that is lost within the tissues as a result of friction. H is tissue elastance, which is an index of tissue stiffness and represents the ability of the tissues to retract to its original shape.
Analysis of Pulmonary Inflammation in Mice
After mice were assessed for pulmonary function tests, lungs were lavaged with 0.1 mM ethylenediaminetetraacetic acid to analyze inflammatory cells. Cytospins were examined from each mouse and inflammatory cells were assessed by differential staining with hematoxylineosin. Additionally, lungs were harvested from the same group of naive mice and markers of inflammation, TNF-a (tumor necrosis factor-a) (forward: CAT CTT CTC AAA ATT CGA GTG ACA A; reverse: TGG GAG TAG ACA AGG TAC AAC CC), and Muc5AC (forward: GAG GGC CCA GTG AGC ATC TCC; reverse: TGG GAC AGC AGT ATT CAG T) were examined by RT-PCR using a Sybr-green compatible system.
One lobe from each mouse was sent for histologic examination by periodic acid-Schiff and pentachrome staining. Mucin production as assessed by periodic acid-Schiff stained formalin-fixed and inflated lung sections were quantified as previously described (19, 20) .
Morphometric Studies to Measure Airspace Enlargement in Mice
After mice were humanely killed, the lungs were inflated with phosphate-buffered saline to 25 cm H 2 O pressure, removed, fixed in 10% formalin, and embedded in paraffin. Mid-sagittal lung sections (8 mm thick) were stained with Gill stain. For each mouse, all areas of well-inflated sections of lung in both lungs were captured at 3100 magnification using a Nikon microscope. Scion Image software (Scion Corp.) was used to measure the alveolar chord length for each animal, as described previously (21) .
Analysis of Airway Remodeling Factors in Mice
Histologic slides at 310 magnification were photographed and examined in a blinded manner by a noncoauthor for smooth muscle thickness. Briefly, a large airway was identified for each slide that was sent for histologic analysis and if a large airway was present a representative photograph was taken for further analysis. From the representative picture of the large airway, five random measurements were taken that spanned the smooth muscle layer adjacent to the large airway by ImageJ software. The average of the five random measurements was graphed from all large airways that were available for analysis. Data shown are the mean 6 SEM (n = 8 WT; n = 7 CC16 2/2 ) for each large airway and statistical analysis was conducted in Prism software.
Factors involved in remodeling, procollagen 1 (forward: AGA CAT GCT CAG CTT TGT GGA TAC; reverse: CGT ACT GAT CCC GAT TGC AAA T), procollagen 3 (forward: GCC CAC AGC CTT CTA CAC; reverse: CCA GGG TCA CCA TTT CTC), a-smooth muscle actin (forward: TC GTC CAC CGC AAA TGC; reverse: AAG GAA CTG GAG GCG CTG), transforming growth factor-b (forward: GTG CGG CAG CTG TAC ATT GAC TTT; reverse: TGT ACT GTG TGT CCA GGC TCC AAA), and platelet-derived growth factor subunit B (forward: AGC TAC ATG GCC CCT TAT GA; reverse: GGA TCC CAA AAG ACC AGA CA) were examined in lung tissue from naive mice by RT-PCR using a Sybr-green compatible system.
Statistical Analysis for Human and Mice Studies
In the TCRS cohort, the relation of serum CC16 to lung function parameters (FEV 1 , FVC, FEV 1 /FVC, and forced expiratory flow between 25% and 75% of the FVC [FEF ]) was tested in multivariate regression models with subject-clustered sandwich estimators of SE to control for the serial correlation of repeated intrasubject observations. Because in the mice models the phenotype was evaluated at age 8-10 weeks (equivalent to young adult life in humans) and because in humans at ages 11-16 years lung function is still growing, primary analyses included lung function parameters between ages 22 and 32 years. However, additional models were performed using complete lung function data from ages 11 to 32 years. For these models, to control for the substantially lower levels of lung function in childhood than adult life, we first z-scored each lung function parameter within each survey. These z-scored lung function data were then used as the dependent variable of regression models. Because AHR was categorized in four groups (negative, mild, moderate, and severe), multinomial logistic regression models were used to determine the association of serum CC16 levels with different AHR levels. In these models, subject-clustered sandwich estimators of SE were also used.
All regression and multinomial logistic regression models were adjusted for sex, survey year, ethnicity, parental education, and maternal smoking at Year 6, which we recently reported as significant predictors of trajectories of circulating CC16 from childhood into adult life (22) . To rule out the possibility that associations of serum CC16 with lung function and AHR were caused by confounding by asthma and active smoking, results from all models were also confirmed after restricting analyses to participants with no asthma and participants who did not smoke. Statistical analyses were performed with STATA version 15.
For all mouse experiments, statistics were analyzed using Prism 7 (GraphPad). For lung function analysis of naive mice, WT and CC16 baseline measures were compared using Student's t test. For analysis of data collected during methacholine challenges that were recorded on separate experimental days, resistance data were log 10 transformed and differences between WT and CC16 2/2 determined by Student's t test at each respective methacholine dose according to previous publications (23) .
In both human and mice studies, two-sided P values of less than 0.05 were regarded as significant.
Results
TCRS Participants with Circulating CC16 Deficits Have Lower Lung Function and Enhanced AHR from Age 11 to 32 Years
Overall, 707 TCRS participants had available serum CC16 and lung function data in one or more surveys at ages 11, 16, 22, 26, and 32 years and were included in this study. Their characteristics at each survey are shown in Table 1 . As compared with the 539 TCRS participants without these data that were excluded from analyses, they were more likely to be Hispanic and to have older mothers and higher parental education, but there were no significant differences between included and excluded participants in relation to sex, body mass index, active asthma, or maternal smoking (data not shown).
As we reported previously (22), serum CC16 levels increased from childhood (geom. means: 7.5 and 8.5 ng/ml at ages 11 and 16, respectively) into adult life (11.2, 9.5, and 10.6 ng/ml at ages 22, 26, and 32, respectively). Both in male and female participants, lower tertiles of CC16 were associated with lower levels of most lung function indices and these associations were particularly evident in adult life (see Figure E1A in the online supplement). After adjusting for sex, survey year, ethnicity, parental education, maternal smoking, and height, we found serum CC16 levels to be positively associated with lung function levels attained between ages 22 and 32 years for FEV 1 , FEF , and the FEV 1 /FVC ratio, but not FVC ( Table 2) . As compared with participants in the highest CC16 tertile, those in the lowest CC16 tertile had on average deficits of 133 ml (P = 0.002), 304 ml/s (P = 0.001), and 2% (P = 0.002) for FEV 1 , FEF , and FEV 1 /FVC, respectively. Subjects with medium CC16 had intermediate levels of lung function.
Similar results were obtained when we analyzed post-bronchodilator lung function (bottom part of Table 2 ; see Figure E1B ), when we restricted analyses to participants with no asthma (see Table  E1 ) and participants who did not smoke (see Table E2 ), and when we further adjusted for total IgE levels (see Table  E3 ). In additional analyses completed on standardized levels of lung function across the entire age range 11-32 years (see METHODS section and Figures 1A and 1B), we were able to confirm the direct association of serum CC16 with FEV 1 , FEF , and FEV 1 /FVC both in the total population (see Table E4 ) and among participants with no asthma (see Table  E5 ) and participants who did not smoke (see Table E6 ).
Similar protective associations of serum CC16 were found against AHR. In multivariate multinomial logistic ORIGINAL ARTICLE regression models, each SD increase in serum CC16 was associated with a greater than 30% reduction in the risk for severe AHR (P , 0.001) and participants in the lowest CC16 tertile had a 130% increase in their risk for severe AHR as compared with participants in the highest CC16 tertile (adjusted relative risk ratio, 2.30; P , 0.001) ( Table 3 and Figure 2 ). Consistent with the lung function results, these associations with AHR were confirmed when analyses were restricted to participants with no asthma and participants who did not smoke (Table 3 ) and when models were further adjusted for total IgE levels (see Table E7 ). Figure 3C ; P = 0.0005) as compared with WT mice.
CC16-Deficient Mice Have Enhanced Airway Resistance to Methacholine Challenge
An additional set of mice were analyzed for total airway resistance during methacholine challenge. As observed in the previously mentioned baseline measurements of unchallenged mice, CC16 2/2 mice had significantly higher baseline resistance as compared with WT mice (P , 0.001). With increasing doses of methacholine, CC16
2/2 mice displayed higher total airway resistance as compared with WT mice at all doses tested: 10 mg/ml (P , 0.01), 30 mg/ml (P , 0.001), and 100 mg/ml (P , 0.05) ( Figure 3D ).
CC16-Deficient Mice Do Not Display Signs of Lung Inflammation
BAL fluid was collected from the naive mice that were assessed on the Flexivent for pulmonary function. There were no significant differences in leukocytes in the BAL fluid between the WT and CC16 2/2 mice (see Figures E2A-E2C ). Most BAL cells were macrophages (.95%) and less than 5% of the total BAL cells were neutrophils in both groups.
Inflammation in the lung tissue was also examined by RT-PCR for the proinflammatory cytokine, TNF-a, and for mucin gene, Muc5AC. No differences were observed for either TNF-a or Muc5AC in the lung tissue of WT and CC16 2/2 mice (see Figures E2D and E2E ). TNF-a protein in BAL was not detectable by ELISA from either WT or CC16 2/2 mice (data not shown). Mucin expression did not differ between WT and CC16 2/2 mice as determined by periodic acid-Schiff score from histologic sections (see Figure E2F ). Subject-clustered sandwich estimators of SE were used in linear regression models to adjust for within-subject correlation. All models were adjusted for sex, survey year, ethnicity, parental education, maternal smoking at Year 6, and height (cm). ‡ Circulating CC16 levels were included as z-scores in the model. x n subjects = 487; n observations = 895.
CC16 Deficiency Does Not Alter Mean Alveolar Airspace in Naive Mice
Similar to observations previously described for CC16 2/2 mice 14 weeks of age or younger (19) , the mean distal airspace size was similar in the naive adult WT and CC16 2/2 adult mice in which the pulmonary function tests were conducted (see Figures E2G  and E2H ).
CC16-Deficient Mice Display Enhanced Remodeling Features
Pentachrome stained histologic sections from CC16-deficient mice revealed large areas of thickened basement membrane and smooth muscle and visibly more collagen deposition (yellow stain) as compared with WT mice ( Figure 4A ). To quantitate these differences, smooth muscle thickness was measured on histologic sections using ImageJ software and RT-PCR of lung tissue was performed to assess gene expression of factors associated with collagen deposition and lung remodeling. On average, mice lacking CC16 had significantly greater smooth muscle thickness (mean 6 SEM, 26.4 6 2.3 mm) as compared with WT mice (mean 6 SEM, 16.3 6 1.4 mm) of the same sex and age ( Figure 4B ). In addition, PCR analysis revealed that collagen type I (Col1A1), collagen type III (Col3A1), and a-smooth muscle actin transcripts were all significantly elevated in the lungs of CC16 2/2 mice compared with WT mice (Figures 4C-4E ). Other factors associated with remodeling, transforming growth factor-b and platelet-derived growth factor, were not elevated in CC16 2/2 mice as compared with WT control animals ( Figures 4F  and 4G ).
Discussion
Although the biologic functions of CC16 have not been completely described, mounting evidence suggests that this protein is associated with protection against development of obstructive lung diseases in humans. However, whether this association is causal remains unclear. To the best of our knowledge, we are the first to report that naive CC16 8 weeks of age independent of detectable inflammation and mucin production. These results paralleled our observations of impaired lung function and enhanced AHR in participants with CC16 deficits from the TCRS birth cohort. Indeed, in this same cohort we had previously reported that CC16 levels at age 6 years predicted lung function levels attained by age 16 (9) . Here, by analyzing new extensive CC16 data from age 11 to 32 years, we demonstrated that serum CC16 is directly related to both higher lung function and reduced AHR in humans from childhood well into adult life. Furthermore, we determined that the decreased pulmonary function detected inunder CC16 2/2 mice was accompanied by airway remodeling, which was evident in histologic sections and with a significant upregulation of genes known to accompany this process.
Previous studies have shown that airway and circulating levels of CC16 are diminished in individuals with lung function impairment (8, 9) and in patients with the two most common obstructive Figure 2 . Adjusted relative risk ratios for severe airway hyperresponsiveness (AHR). From multinomial logistic regression models by serum CC16 (club cell secretory protein 16) tertile categories from age 11 to age 26 years (n subjects = 555; n observations = 1,228). High CC16 is the reference category. Error bars indicate 95% confidence intervals. Estimates for mild and moderate AHR are not presented in the figure, but they are reported in Table 3 . No AHR is the reference group for both estimates presented in the figure and in Table 3 . RRR = relative risk ratio. Definition of abbreviations: adjRRR = adjusted relative risk ratio; CC16 = club cell secretory protein 16; CI = confidence interval. *Subject-clustered sandwich estimators of SE were used in multinomial logistic regression models to adjust for within-subject correlation. All models were adjusted for sex, survey year, ethnicity, parental education, and maternal smoking at Year 6. Airway hyperresponsiveness severity (mild, moderate, severe) was defined at each survey based on tertiles of provocative concentration of methacholine causing a 20% fall in FEV 1 (see METHODS section for more information). † Circulating CC16 levels were included as z-scores in the model. lung diseases: asthma (4, 5) and COPD (6, 7) . Animal studies suggest a possibly causal nature for these associations. Although with some conflicting results (24) , mice studies have shown that CC16 2/2 animals are more likely to develop COPD-like phenotypes following exposure to cigarette smoking as compared with CC16-sufficient mice (19, 25) . Similarly, CC16-deficient mice have markedly increased susceptibility, airway inflammation, and tissue remodeling when exposed to a variety of insults (15, (26) (27) (28) (29) (30) (31) (32) (33) , including airway infections by respiratory syncytial virus, adenovirus, and Pseudomonas aeruginosa (30, 34) . These animal data are also consistent with human studies showing that acute environmental exposures can cause transitory increases in systemic CC16 levels, but repeated noxious exposures (e.g., cigarette smoking) result in chronic deficits of serum CC16, which in turn are associated with poor lung health outcomes (2, (35) (36) (37) (38) (39) (40) (41) . Thus, there is a need to better understand whether low CC16 levels in the lung simply reflect the epithelial damage and airway remodeling that accompany obstructive lung diseases, in which CC16-producing cells may be present in fewer numbers (42) , or whether loss of CC16 is a direct contributing factor that may precede the effects of environmental exposures in the establishment and progression of these diseases.
In support of a causal role are recent reports that show that CC16 inhibits serum amyloid-A-driven inflammation by direct interaction with the lipoxin A4 receptor (43) , which is present on airway epithelial cells and is upregulated on macrophages in severe asthma (44) . Serum amyloid-A, an apolipoprotein secreted during the acute phase of inflammation, is known to recruit immune cells to sites of inflammation via upregulation of vascular cell adhesion molecule-1 and is associated with severe asthma (44) . Previous studies had also shown inhibitory effects of CC16 on the activity of secretory and intracellular phospholipase A2 (45, 46) , a regulator of the eicosanoid pathway and, in turn, of its downstream inflammatory mediators. In addition, CC16 has been shown to bind fibronectin and inhibit the adhesion and migration of endothelial cells (47) , which may have implications in cancer, and some mechanistic insight has been attributed to CC16 by virtue of its modulating action on transglutaminase (48) . Future studies are needed to determine if these or others mechanisms are involved in the role of CC16 in lung diseases.
Two previous studies examined lung mechanics in CC16 2/2 mice and warrant discussion in relation to our studies (19, 32) . The first study used noninvasive whole-body plethysmography (Buxco) to measure airway reactivity/resistance (measured as Penh) in WT and CC16 2/2 mice on a 129 background and reported differences between the CC16 2/2 and WT control mice at the highest dose of methacholine challenge (32) . Although Penh has largely been questioned as a valid measurement of airway resistance in mice (49, 50) , their finding of baseline differences between WT and CC16 2/2 naive mice is in line with our findings. A more recent study reported no differences in pressure-volume flow loops using a Flexivent device in CC16 2/2 versus WT mice at approximately 8 months of age (19) . However, it is difficult to fully compare results from this study with ours because overall airway resistance and sensitivity to methacholine were not assessed and because mice were substantially older than those evaluated in our study. These studies did not find differences in alveolar chord length in mice that were 8 weeks old, which is consistent with our findings (19) .
Despite the differences we detected in lung function in mice sufficient and deficient in CC16, we did not find any difference in underlying inflammation between the groups. Attributes typically reported for such studies, such as increases in inflammatory cells in the BAL fluid, mucin production, and the proinflammatory cytokine TNF-a, were not different in CC16-deficient and CC16-sufficient mice under unchallenged conditions. Interestingly, a recent report shows that aged CC16 2/2 mice (18 mo) develop accelerated rates of pulmonary function test abnormalities, which are associated with enhanced , n = 19) were assessed using a Flexivent device for airway physiology measurements during increasing doses of aerosolized methacholine, **P , 0.01, ***P , 0.001 by Student's t test. Data shown are the mean 6 SEM. Ave = average; G = tissue damping; H = tissue elastance; Rt = total airway resistance.
ORIGINAL ARTICLE
NF-kB-driven inflammation (51) . Because inflammation was not apparent in our young mice (8-10 wk), we sought to determine if the structure of the airways was affected in the absence of CC16. Differences in the alveolar areas of the lung were also not evident. We were, however, able to detect increased collagen staining in histologic sections from naive CC16 2/2 mice as compared with WT mice. Quantitatively, gene expression from a representative lung lobe of CC16 2/2 mice revealed that several remodeling associated factors, (i.e., ProCol1A1, Pro-Col3A, and a-smooth muscle actin) were all significantly upregulated as compared with WT lung tissue. In addition, smooth muscle thickness was also significantly greater in CC16 2/2 mice as compared with WT mice in the unchallenged state. Of note, two factors known to be mitogenic for smooth muscle cells, TNF-a and platelet-derived growth factor (52, 53) , were not different between the CC16-deficient and WT mice.
We propose that the measures of lung remodeling in CC16 2/2 mice are likely key contributing factors to the altered lung function in mice, which is independent of inflammation. Therefore, if similar structural and remodeling lung alterations are associated with CC16 deficits in humans, they could affect early airway growth, associate with trajectories of persistently low lung function (54, 55) , and in turn play a role in the inception and progression of airway obstruction.
Future studies to determine the specific receptors for CC16 in both the lung and blood compartments will be vital to shed more light on the mechanisms by which CC16 may be protective against impaired lung function and airway remodeling. 2/2 mice. Graphed gene expression data are the mean 6 SD, **P , 0.01 by Student's t test. n = 12 and 16 WT and CC16 2/2 , respectively. Ave = average; FC = fold over control; PDGF = platelet-derived growth factor; Pro-Col = procollagen; SM = smooth muscle; SMA = smooth muscle actin; TGF = transforming growth factor.
Should these associations be causal in humans, a better understanding of ways to either endogenously increase CC16 production (56) or deliver a replacement for CC16 into the airways might also have translational relevance to large populations affected by (or at risk for) obstructive lung diseases. Along these lines, a recent report shows that delivery of recombinant CC16 to a smoke-induced model of COPD in mice ameliorates pathologic damage in the lungs and reduced indices of inflammation associated with the model. These effects were mediated by inhibition of DNA binding of smoke-induced nuclear factorkB/p65 in lung tissues and its nuclear translocation in BAL fluid cells and epithelial cells (57) .
In this context, however, it should be noted that although our study and others suggest that higher CC16 levels associate with better lung function, this is not the case in all lung diseases. In a study of idiopathic pulmonary fibrosis (IPF), CC16 was significantly increased in serum and BAL of patients with IPF as compared with patients without IPF and healthy control subjects (58) . CC16 levels in patients with IPF were increased despite the fact that most of the subjects with IPF were smokers, a habit typically associated with reduced CC16 in the serum (58) .
Among the limitations of our study are the lack of a replication cohort for the human studies and the lack of information on renal function in the TCRS cohort, which has been shown to affect levels of circulating CC16 (59) . The strengths of our study include the population-based nature of the TCRS cohort, the phenotypic characterization and long follow-up well into adult life of this birth cohort, and the inclusion of studies of increased methacholine sensitivity in humans in the lowest tertile of CC16 levels and in mice deficient in CC16.
In conclusion, our findings build on previous clinical association studies in which decreased serum CC16 has been associated with the presence, risk, and progression of obstructive lung diseases. In the current study we complemented findings from a human birth cohort, in which participants with low serum CC16 were found to have lung function deficits and increased AHR from childhood into their young adult life, with animal studies in which mice deficient in CC16 had increased airway resistance and AHR as compared with mice sufficient in CC16. Based on our findings, in mice these associations seem to be attributable to increased airway remodeling and suggest that low CC16 is not only a biomarker for airway pathology but may be implicated in the pathophysiology of the progressive airway damage that characterize obstructive lung diseases. n Author disclosures are available with the text of this article at www.atsjournals.org.
